Stochastic Study of the Effect of Ionic Strength on Noncovalent Interactions in Protein Pores by Zhao, Qitao et al.
Stochastic Study of the Effect of Ionic Strength on Noncovalent
Interactions in Protein Pores
Qitao Zhao, Dilani A. Jayawardhana, and Xiyun Guan
Department of Chemistry and Biochemistry, The University of Texas at Arlington, Arlington, Texas 76019-0065
ABSTRACT Salt plays a critical role in the physiological activities of cells. We show that ionic strength signiﬁcantly affects the
kinetics of noncovalent interactions in protein channels, as observed in stochastic studies of the transfer of various analytes
through pores of wild-type and mutant a-hemolysin proteins. As the ionic strength increased, the association rate constant of
electrostatic interactions was accelerated, whereas those of both hydrophobic and aromatic interactions were retarded.
Dramatic decreases in the dissociation rate constants, and thus increases in the overall reaction formation constants, were
observed for all noncovalent interactions studied. The results suggest that with the increase of salt concentration, the streaming
potentials for all the protein pores decrease, whereas the preferential selectivities of the pores for either cations or anions drop.
Furthermore, results also show that the salt effect on the rate of association of analytes to a pore differs signiﬁcantly depending
on the nature of the noncovalent interactions occurring in the protein channel. In addition to providing new insights into the
nature of analyte-protein pore interactions, the salt-dependence of noncovalent interactions in protein pores observed provides
a useful means to greatly enhance the sensitivity of the nanopore, which may ﬁnd useful application in stochastic sensing.
INTRODUCTION
Stochastic sensing can detect analytes at the single-molecule
level, in which a single transmembrane protein channel (or
pore), most often the heptameric a-hemolysin (aHL), is
embedded in a planar lipid bilayer (1). Stochastic sensing is
achieved by monitoring the ionic current ﬂowing through the
single pore at a ﬁxed applied potential. Individual binding
events are detected as transient blockades in the recorded
current. This approach shows both the concentration and the
identity of an analyte: the former from the frequency of
occurrence (1/ton) of the binding events and the latter by its
characteristic current signature, typically the dwell time (toff)
of the analyte coupled with the extent of current block
(amplitude) it creates.
The molecular transport and binding kinetics inside a
channel are strongly dependent on the nature of the pore, the
ion species passing through the channel, as well as the ex-
perimental conditions (e.g., pH, voltage, temperature, etc.)
(2–5).Thus,theperformance(e.g.,resolutionandsensitivity)
of stochastic detection relies on the structural characteristics
of the protein pore and the working conditions for the
experiment.Inanefforttodevelopimprovednanoporesensor
sensitivity, several critical issues can be addressed. These
considerationsincludestructuralmodiﬁcationoftheaHLand
the regulation of ions on the performance of the protein pore.
The former, in principle, provides a natural ground for
designing single-molecule stochastic sensor, whereas the
latter involves a combination of parameters that affect mass
transport and possibly other dynamic factors associated with
channels, for instance, pH, temperature, ionic strength, and
applied potential.
It has been reported that mutating the amino acid residue
methionine at position 113 of the wild-type aHL ((WT)7)
protein to asparagine, tryptophan, tyrosine, or phenylalanine
results in signiﬁcantly longer dwell times for the noncovalent
molecular adaptor b-cyclodextrin (bCD) inside the lumen of
the mutant aHL (6). Additionally, a wide variety of sub-
stances have been identiﬁed and quantiﬁed by using properly
engineered versions of the transmembrane protein aHL
pore based on noncovalent (i.e., electrostatic, aromatic, and
hydrophobic) interactions. These compounds include metal
ions (7,8), anions (5), organic molecules (9,10), and proteins
(11). It has also been shown that engineered aHL pores have
the potential for use as a novel DNA sequencing technique
(12–14).
In parallel to the research on structural modiﬁcation of
aHL, other fundamental studies to identify important param-
eters associated with channel transport and dynamic behav-
iors have also been investigated. For example, the binding
of a molecule to an aHL pore can be enhanced by voltage-
dependent electroosmosis (15). It was found that, if bCD
was added to the trans compartment, with the increase of
the applied potential, the association rate constant (kon) in-
creased but the dissociation rate constants (koff) were almost
unchanged for cation-selective pores. Conversely, kon
decreased but koff increased for anion-selective pores (15).
In terms of the interaction between the negatively charged
phosphate and the (M113R)7 pore having a positively charged
binding site, both kon and koff increased with an increase of
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Biophysical Journal Volume 94 February 2008 1267–1275 1267applied potential (5). The temperature effect on stochastic
sensing has also been investigated. It was reported that an
increase in the experimental temperature would result in a
larger open channel current, an increase in both kon and koff,
and an overall smaller formation constant Kf (¼ kon/koff) (2).
Although bath concentration has been incorporated as an
important parameter in the contribution of ion ﬂux in simu-
lation of channel properties (16,17), until now, relatively
little work has been done on salt effects that may inﬂuence
the noncovalent bonding interactions inside protein pores. It
should be noted that salt effects play an important role in
condensation of biomolecules (18), drug delivery (19), and
chemical reactions involving ionic species (20). We report
that salt effects signiﬁcantly inﬂuence the association and
dissociation rate constants as well as formation constants of
the noncovalent interactions in aHL protein channels.
MATERIALS AND METHODS
Reagents
Peptide Y-P-F-F, and HIV-1 TAT protein peptide (TATp) were purchased
from American Peptide (Sunnyvale, CA). The peptide Y-F-F, and organo-
phosphates (2-hydroxy-adamantan-2-yl)-phosphonic acid diethyl ester (HAE)
and adamantan-1-yl-phosphonic acid (APA) were obtained from Sigma
(St. Louis, MO). All these analytes were dissolved in HPLC-grade water, and
theconcentrationsofthestocksolutionswere1mMforTATp,0.2mMforboth
Y-P-F-F and Y-F-F, 5 mM for both HAE and APA, respectively. All other
reagents were purchased from Sigma.
Preparation and formation of protein pore
Mutant aHL M113F and M113E genes were constructed by side-directed
mutagenesis (Mutagenex,Piscataway, NJ) with a WT aHL gene (21) in a T7
vector (pT7-aHL). Wild-type aHL and mutant aHL monomers were ﬁrst
synthesized by coupled in vitro transcription and translation (IVTT) using
the Escherichiacoli T7 S30Extract System for CircularDNA from Promega
(Madison, WI). Subsequently, they were assembled into homoheptamers by
adding rabbit red cell membranes and incubating for 1 h (22). The heptamers
were puriﬁed by SDS-polyacrylamide gel electrophoresis and stored in
aliquots at  80C.
Planar bilayer recording
A bilayer of 1,2-diphytanoylphosphatidylcholine (Avanti Polar Lipids;
Alabaster, AL) was formed on an aperture (150 mm) in a Teﬂon septum
(25 mm thick; Goodfellow, Malvern, PA) that divided a planar bilayer
chamber into two compartments, cis and trans. The formation of the bilayer
was monitored by using a function generator (BK precision 4012A; Yorba
Linda, CA). The experiments were carried out under a series of symmetrical
bufferconditionswith a2.0 mLsolutioncomprisingNaCl(rangingfrom1to
5 M), and 10 mM Tris   HCl (pH 7.5) at 22 6 1C. Unless otherwise noted,
the aHL protein was added to the cis compartment, which was connected to
‘‘ground’’, whereas the analyte was added to the trans compartment. In such
a way, after the single-channel formation, the mushroom cap of the aHL
channelwould be located in the cis compartment,whereasthe b-barrel of the
aHL would insert into the lipid bilayer and connect with the trans of the
chamber device. The ﬁnal concentration of the aHL protein was 0.2–2.0 ng/
mL, whereas those of bCD, Y-P-F-F, and TATp were 40 mM, 200 nM,
and 25 mM, respectively. The applied potential was 140 mV for both (WT)7
and (M113E)7 proteins, and 150 mV for (M113F)7 pore, unless otherwise
noted. Currents were recorded with a patch clamp ampliﬁer (Axopatch
200B, Molecular Devices, Sunnyvale, CA). They were low-pass ﬁltered
with a built-in four-pole Bessel ﬁlter at 2 kHz and sampled at 10 kHz by a
computer equipped with a Digidata 1322 A/D converter (Molecular
Devices).
Data analysis
Data were analyzed with the following software: pClamp 9.2 (Molecular
Devices) and Origin 7.0 (MicroCal, Northampton, MA). Conductance
values were obtained from the amplitude histograms after the peaks were ﬁt
to Gaussian functions. Mean residence times (t-values) for the analytes were
obtained from dwell time histograms by ﬁtting the distributions to single
exponential functions by the Levenberg-Marquardt procedure. Kinetic
constants were calculated by using koff ¼ 1/toff, kon ¼1/(Cton), and Kf ¼ kon/
koff, where C is the concentration of the analyte.
The charge selectivity of a protein pore or the permeability ratios
(P1
Na=P 
Cl) can be calculated by using the Goldman-Hodgkin-Katz equation
(23): where aM is the activity of ion M, subscripts c and t represent cis and
trans sides of the bilayer, Vr is the reversal potential, F the Faraday constant,
and R the gas constant. For the measurement of reversal potential Vr, single-
channel currents were recorded under asymmetric conditions with a 2.0 mL
solution comprising NaCl (ranging from 1 to 5 M), 10 mM Tris   HCl (pH
7.5) (cis), and a 2.0 mLsolutioncomprisingNaCl(0.2M), 10 mMTris   HCl
(pH 7.5) (trans). Vr was obtained by a polynomial ﬁt of the current-voltage
(I/V) data near zero current.
Toobtainthestreamingpotentialsofproteinpores(24,25),single-channel
currentrecordingexperimentswerecarriedoutunderasymmetricconditions:
the cis chamber compartment contained a 2.0 mL solution comprising NaCl
(ranging from 1 to 5 M), 10 mM Tris   HCl (pH 7.5), whereas the trans
compartment contained 2.0 mL of the same buffer solution plus 1 M urea.
Streaming potential Df for the protein pore was obtained by linearly ﬁtting
the I/V curves, which were recorded from 620 mV to 6120 mV.
RESULTS AND DISCUSSION
The noncovalent interactions examined with
aHL pores
It is generally accepted that ionic strength affects the rates
of chemical reactions, particularly those involving charged
particles. Ion permeation, gating or blocking through protein
channels or solid-state nanopores have been studied exten-
sively under low to moderate buffer concentrations, for
instance, with the concentration of NaCl or KCl ,1M
(23,26–28). However, until now, as far as we aware, there
have been no systematic studies of the effects of ionic
strength on noncovalent interactions in nanopores, especially
at high salt concentrations. In this work, we investigated
the effect of ionic strength (with NaCl at concentrations from
1 to 5 M) on three types of noncovalent interactions, spe-
ciﬁcally, electrostatic, aromatic, and hydrophobic interac-
tions, the interactions used most frequently in the design
of protein pore-based stochastic sensors. For example, the
(WT)7 aHL and the neutral molecule bCD with a hydro-
phobic cavity were used to examine the hydrophobic interac-
tion; the mutant (M113E)7 pore and the positively charged
HIV-1 TAT protein peptide (TATp) with a sequence of
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electrostatic interaction; the engineered (M113F)7 pore and
the aromatic peptide Y-P-F-F were selected to examine the
aromatic interaction. It should be noted that the mutant
(M113E)7 pore has an electrostatic interaction site (containing
seven negatively charged Glu amino acid residues) for posi-
tively charged compounds (X. Guan, X. F. Kang, S. Cheley,
and H. Bayley, unpublished data), whereas the (M113F)7
pore contains an aromatic binding site (consisting of seven
aromatic Phe side chains) for aromatic molecules (9).
Kinetics of association and dissociation
The typical electrical recordings with (M113F)7 pore and
peptide Y-P-F-F, shown in Fig. 1, showed that both the open
channel current and the mean dwell time of events increased
with increasing concentration of NaCl added to the chamber
compartments. Further data analysis (Fig. 2 A) showed that
the open channel current did not increase linearly with the
NaCl concentration. When the concentration of NaCl in-
creased from 1 M to 5 M, the open channel conductance
increased 3.4-fold (from 720 pS to 2480 pS), and the event
residual conductance increased 2.0-fold (from 400 pS to
800 pS). Similar phenomena were also found in (WT)7 and
(M113E)7 pore systems (Fig. 2 A, and Supplementary
Material Figs. S1 and S2), where the open channel conduc-
tances increased 3.4-fold (from 728 pS to 2488 pS), and
3.5-fold (from 588 pS to 2078 pS), respectively, with the
increase of NaCl concentration from 1 M to 5 M. It should be
mentioned that a 3.2-fold (from 778 pS to 2478 pS, data not
shown) conductance increase was observed for the (M113K)7
pore with the same NaCl solutions. The conductivity of the
bulk solution increased 2.8-fold (from 83.4 pS 3 cm
 1 to
236.4 pS 3 cm
 1) with the increase of the concentration of
NaCl from 1 M to 5 M (see Supplementary Material, Fig.
S3). Therefore, the increased ratios of our experimental open
channel conductances in the three different protein channels
were in agreement with that of the measured conductivities
in bulk solutions (note that conductance is proportional to the
conductivity, i.e., G } k).
The plots of kon, koff and Kf versus NaCl concentration are
shown in Fig. 2 B–D, respectively. When the concentration
of NaCl increased from 1 M to 5 M, the values of association
rate constants kon for Y-P-F-F in (M113F)7 pore and for bCD




 1 to 4.66 3 10
6 M
 1 3 s
 1), and 53% (from 1.28 3 10
5
M
 1 3 s
 1 to 6.02 3 10
4 M
 1 3 s
 1), respectively,
whereas that for positively charged TATp in (M113E)7 pore
increased by 2.8-fold (from 2.77 3 10
5 M
 1 3 s
 1 to 1.06 3
10
6 M
 1 3 s
 1). However, unlike kon, the values of all the
dissociation rate constants koff (¼1/toff) decreased for all
the noncovalent interactions studied. For example, a 96%
decrease (from 1.0 3 10
3 s
 1 to 45.4 s
 1) for Y-P-F-F in the




 1) for bCD in (WT)7 aHL, and a 91% decrease (from
7.14 3 10
3 s
 1 to 6.67 3 10
2 s
 1) for TATp in (M113E)7
pore were observed with increased salt concentration. The
overall reaction formation constants Kf for all the non-
covalent interactions examined increased with the increase
of salt concentration added. For example, when the concen-
tration of NaCl increased from 1 M to 5 M, Kf of bCD in the
(WT)7 aHL pore increased 10.6-fold (from 1.01 3 10
2 M
 1
to 1.07 3 10
3 M
 1), that of Y-P-F-F in (M113F)7 pore
FIGURE 1 Single-channel recordings showing the effect of ionic strength
on Y-P-F-F bindingto a (M113F)7 pore. The experiments were carried out at
150 mV (cis at ground) under a series of symmetrical buffer conditions with
concentrations of NaCl ranging from 1 to 5 M, and 10 mM Tris   HCl (pH
7.5).(A) 1MNaCl;(B)2M NaCl;(C)3 MNaCl;(D)4MNaCl;and(E)5M
NaCl.
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3 M
 1 to 1.02 3 10
5
M
 1), whereas that of TATp in (M113E)7 increased 41.2-
fold (from 38.7 M
 1 to 1.60 3 10
3 M
 1). From these results,
we can conclude that the ionic strength affects koff more
signiﬁcantly than kon. Thus, the effect of ionic strength onthe
reaction formation constant (Kf) was due predominantly to
the salt effect on koff, a result that is clearly different from the
effect of voltage dependence (15).
To investigate whether the salt effect on the binding
kinetics is dependent on the charge selectivity of the pore or
determined by the noncovalent interactions inside the pore, a
series of cross-check experiments were carried out, including
the aromatic peptide Y-P-F-F in the cation-selective (M113E)7
pore; the hydrophobic compound bCD in the anion-selective
(M113K)7 pore; and the positively charged TATp in weakly
anion-selective (M113F)7 pore. It should be noted that,
the general hydrophobic interactions occur in all these ex-
periments, although some of the protein pores used have
binding sitesdesignedspeciﬁcallyforpositivelyornegatively
chargedcompounds.Theresultsshowedthatbothkonandkoff
for all these three experiments decreased with the increase of
NaCl concentration in the buffer. As the salt concentra-
tion increased from 1 M to 5 M, kon decreased by 11% (from
8.82 3 10
6 M
 1 3 s
 1 to 7.84 3 10
6 M
 1 3 s
 1), by 66%
(from 6.42 3 10
4 M
 1 3 s
 1 to 2.20 3 10
4 M
 1 3 s
 1), and
by 77% (from 4.87 3 10
5 M
 1 3 s










75% (from 9.10 3 10
2 s
 1 to 2.32 3 10
2 s
 1), and by 99%
(from 1.92 3 10
3 s
 1 to 13.0 s
 1), respectively. These
phenomena were similar to those of bCD in (WT)7, and Y-P-
F-F in (M113F)7 pore described above, where a hydrophobic
or aromatic interaction occurred, but different from that of
TATp in (M113E)7 pore, in which an electrostatic interaction
happened. Combinedthese resultsshow thatthesalt effect on
the association rate constant is dependent on the nature of the
noncovalent interaction inside the pore, rather than on the
charge selectivity of the pore.
An increased transport of analyte and water coupled with
ions inside a protein pore is assumed to be driven on ap-
plication of the transmembrane ﬁeld (30). This suggests that
the binding of analytes toward the pore is affected by both
the solvent ﬂow and the diffusion of target molecules. Under
a certain applied voltage, the diffusion coefﬁcients of ions
can be reﬂected from charge selectivity, which is dependent
largely on the dimension of a pore and the spatial distribution
of charges at the entrance to and within the lumen of the
channel. In general, the narrower the pores are, the higher the
charge selectivity of the channels (31). The charge selectivity
of an ion channel can also be estimated from the ratio of the
Debye length to the pore dimension. It was found that for
small ratios, i.e., the pore size much greater than the Debye
length, the channel would have low or no charge selectivity.
In contrast, the pore showed high charge selectivity if the
Debye length was comparable with or greater than the pore
dimension (32). In the case of aHL pores, the narrowest in-
ternal diameter is ;14 A ˚ near Met-113. In 1 M NaCl solution,
the Debye length of the aHL pore was 3.7 A ˚ (see sup-
plementary materials), which is equivalent to 26.4% of the
aHL pore dimension. When the salt concentration increased
FIGURE 2 Dependence of the open channel currents of
protein pores and the kinetic constants of the noncovalent
interactions on the salt concentration. (A) Open channel
currents; (B) association rate constants kon;( C) dissociation
rate constants koff; and (D) reaction formation constants Kf.
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accounting for only 9.3% of the pore radius. This indicates
that the charge selectivities or permeability ratios (P1
Na=P 
Cl)
of the protein pores may be altered by the change of the ionic
strength in the buffer solution. As shown in Fig. 3 A, with the
increase of NaCl concentration, the reversal potentials of
weakly anion selective pores ((M113F)7 and (WT)7) in-
creased, whereas those of the cation selective (M113E)7 pore
decreased, so that the preferential charge selectivities of the
pores foreithercationsoranionsdropped.AsshowninFig.3
B, with the increase of NaCl concentration from 1 M to 5 M,
the charge selectivity for aromatic (M113F)7 pore increased
from 0.76 to 1.08, that of the hydrophobic (WT)7 pore
increasedfrom0.78to1.02,whereastheionselectivityforthe
charged (M113E)7 pore decreased from 2.51 to 1.04. These
results suggest that ionic strength signiﬁcantly inﬂuences the
permeability ratio (P1
Na=P 
Cl) in protein pores so that all the
tested protein channels (weakly anion selective or cation
selective in 1 M NaCl) have no preferential charge selectivity
to either Na
1 or Cl
  in 5 M NaCl. Furthermore, because an
increase of NaCl concentration from 1 M to 5 M results in a
more even transport of solvent by cations and anions, their
effects on solvent ﬂow essentially cancel one another, and
thusstreamingpotentialswillbecomesmaller.Thisconceptis
clearly supported by our experimental results (Fig. 3 C).
Application of salt dependence of
noncovalent interactions
Our experimental results show that, with an increase in salt
concentration, the dissociation rate constants decrease,
whereas the formation constants Kf increase signiﬁcantly,
forallthreenoncovalentinteractionsintheproteinpores.This
suggeststhat,ingeneral,thesensitivityortheresolutionofthe
nanopore increaseswithincreasing salt concentration. There-
fore, the effect of ionic strength on noncovalent interactions
may ﬁnd useful application in nanopore stochastic sensing.
To date, the engineered aHL protein pores have been used
successfullyasstochasticsensorsforavarietyofcompounds,
whereas the artiﬁcial pores have achieved only limited
success (28). Artiﬁcial pore technology available currently
provides a very poor resolution, which allows only large
molecules such as DNA to be detected by using the elec-
trophoretic effect to drive these molecules through the pore
due to the lack of surface functionality (33), although a
recent study showed that it was possible to impart solid-state
nanopores with selectivity (34). The much improved salt
dependence sensitivity discovered in this work may not only
provide the potential for WT aHL and artiﬁcial pores to be
used for the identiﬁcation of small molecules, but may also
permit use of engineered aHL for the differentiation, and
possibly simultaneous detection, of a mixture of compounds.
The latter analysis is difﬁcult, or even sometimes impossible
toachieve,inlowsaltconcentrationsolutions.Forexample,it
is well accepted that bCD can be used as an adaptor to sense
organic molecules. When bCD is bound to the aHL pore, the
channel is partially blocked and the open channel current
drops. When a guest molecule is captured by bCD, and the
resultant complex is bound to the pore, the current is further
decreased (35). Our experiments (Fig. 4) showed that in 1 M
NaCl solution, bCD bound to (WT)7 protein very weakly,
with a dwell time of 0.79 ms at an applied 140 mV potential.
FIGURE 3 Effect of NaCl concentration on the (A) re-
versal potentials, (B) charge selectivities, and (C) stream-
ing potentials of aHL pores, showing that with the increase
ofsaltconcentration,the streamingpotentialsforallthepro-
tein pores decrease, whereas the preferential selectivities
of the pores for either cations or anions drop. The obtained
values of streaming potentials for all the three protein pores
were very similar at each salt concentration.
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from 26.5 pA to 8.8 pA. If a mixture of bCD and guest
molecules organophosphate (2-hydroxy-adamantan-2-yl)-
phosphonic acid diethyl ester (HAE) or a mixture of bCD
and organophosphate APA was added to the (WT)7 aHL
pore, the blocking event by the bCD   HAE or bCD   APA
complex further reduced the current to 2.0 pA. The dwell
times of bCD   HAE and bCD   APA were 1.4 ms and 0.85
ms, respectively at 140 mV, and 2.2 ms and 3.1 ms,
respectively at  40 mV (Fig. 4). Although the identiﬁcation
of either HAE or APA could be achieved in 1 M NaCl due to
the small difference in their dwell times, the sensitivity or the
resolution would not allow accurate differentiation and
quantiﬁcation between them if a mixture of HAE and APA
were present. However, in sharp contrast, in 5 M NaCl
solution, bCD, bCD   HAE, and bCD   APA interacted with
(WT)7proteinporemuchmorestrongly(Fig.4).Forexample,
the formation constant Kf for aHL   bCD   HAE increased
from 39 M
 1 (in 1 M NaCl) to 598 M
 1 (in 5 M NaCl),
suggesting that bCD   HAE bound to (WT)7 aHL pore 15
t i m e sm o r es t r o n g l yi n5MN a C lt h a ni n1MN a C l .
Furthermore, the effects of ionic strength on bCD   HAE and
bCD   APA differed signiﬁcantly, resulting in their quite differ-
entsignatures,withdwelltimesofbCD HAEandbCD APA
at35.3 ms and 4.4 ms, respectively at 140 mV, as well as 7.7
ms and 60.7 ms, respectively at  40 mV, thus allowing the
accurate differentiation and even quantiﬁcation of these two
different organophosphates.
FIGURE 4 Single-channel recordings showing the application of salt effect for the differentiation of organophosphates HAE and APA in a (WT)7 pore using
bCD as an adaptor. (Left) Traces recorded at 140 mV. (Right) Traces recorded at  40 mV. (A) HAE in 1 M NaCl; (B) APA in 1 M NaCl; (C) HAE in 5 M
NaCl; and (D) APA in 5 M NaCl. The experiments were carried out at 640 mV (cis at ground) under symmetrical buffer conditions with the concentration of
NaCl at 1 M (or 5 M), and 10 mM Tris   HCl (pH 7.5). aHL protein was added in the cis compartment of the chamber, whereas 40 mM bCD and 80 mM HAE
(or APA)were addedin thetrans compartmentof the chamber.Thedashedlines 0,1, and2 indicatethe currentlevelsfor openchannel,bCD  aHL,andHAE  
bCD   aHL (or APA   bCD   aHL), respectively.
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strength can be employed for the identiﬁcation, and even
simultaneous quantiﬁcation, of structurally similar peptides.
As shown in Fig. 5, the events of peptide Y-P-F-F in the
(M113F)7 pore exhibited a wide range of amplitudes in 1 M
NaCl. The amplitudes of the long events were in the range
from 10 to 16 pA, whereas that of the short events were
between 16–24 pA. The short events of Y-P-F-F had similar
amplitudes to those of peptide Y-F-F (with a small shoulder
at ;20 pA). Therefore, if a mixture of Y-P-F-F and Y-F-F
FIGURE 5 Simultaneous detection of a mixture of two structure-related peptides in a (M113F)7 pore. (Left) Current traces. (Right) Event histograms. The
experiments were carried out at 140 mV (cis at ground) under symmetrical buffer conditions with 1 M (or 4 M) NaCl, and 10 mM Tris   HCl (pH 7.5). aHL
protein was added in the cis compartment, whereas 1 mM Y-P-F-F or 1 mM Y-F-F was added in the trans compartment of the chamber.
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becausethesignatureofY-F-FwashiddenbythatofY-P-F-F.
This would not allow the simultaneous detection and
quantiﬁcation of these two peptides, though it was possible
to identify and even quantify Y-P-F-F by considering only
the long events. However, with the increase of the ionic
strength, e.g., in 4 M NaCl solution, the aromatic interactions
between peptides (i.e., Y-F-F and Y-P-F-F) and the (M113F)7
protein became much stronger, resulting in the signiﬁcant
difference between the signatures of Y-P-F-F and Y-F-F.
As shown in Fig. 5, the events of Y-F-F showed a major
amplitude at 52.3 pA, whereas those of Y-P-F-F had two
amplitudes with a major peak at 28.8 pA and a shoulder at
35.3 pA. Thus, the separation of the events of Y-P-F-F and
those of Y-F-F allowed their convenient discrimination and
even concurrent quantiﬁcation. It should be noted that the
two different amplitude events observed for Y-P-F-F in 4 M
NaCl solution may be attributed to the different directions in
which Y-P-F-F entered the (M113F)7 pore. Our results show
clearly that for a certain aHL pore (including both WT and
mutants), regulation of ionic strength inﬂuences the sensi-
tivity of stochastic sensing signiﬁcantly, and thus can be used
as a useful means for the detection and differentiation of
various analytes that can not otherwise be achieved.
CONCLUSIONS
The work presented shows that the salt effect can be used as
an effective approach to signiﬁcantly increase the resolution
and sensitivity of stochastic sensing. The salt dependence of
noncovalent interactions in protein pores greatly enhances
the potential sensor application of nanopores. For example, it
may provide the potential for permitting more frequent use of
WT aHL and artiﬁcial pores as stochastic sensing elements,
and hence be used as an alternative approach to protein
engineering. The salt dependence may also be combined
with the modiﬁed pore, thus simplifying protein engineering
because the development of a highly sensitive nanopore
sensor is not required. These ﬁndings may have implications
in studies of the fundamental functional properties of ion
channels, e.g., to provide evidence that the noncovalent
interactions occurring in a channel play a signiﬁcant role in
facilitating or retarding the translocation of molecules
through the pore. In addition, the results of this investigation
should stimulate additional theoretical studies and molecular
dynamics simulations.
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